T he use of antiretroviral therapy (ART) has significantly transformed HIV-1 infection from a terminal illness to a chronic manageable disease 1 . Despite intensive investigation, no strategy to date has resulted in sustained control of HIV in the absence of ART.
HIV-1 infects activated CD4+ T cells and results in active virus replication or immediate silent integration 2 . Latency is established within a narrow time window after activation 3 or during the transition of these HIV-infected and activated cells to resting memory CD4+ T cells 4 
.
Eisele and Silicano define the HIV-1 reservoir as an infected cell population that allows the persistence of replicationcompetent HIV-1 in patients on optimal treatment regimens on a timescale of years. To date, the latent reservoir in resting CD4+ T cells is the only reservoir shown to fit this definition 5 . The International AIDS Society Scientific Working Group on HIV Cure has suggested that the best characterized and only proven cellular reservoir of HIV during long-term HIV treatment are memory CD4+ T cells that lack activation markers 6 . Indeed, latently infected resting memory CD4+ T cells form the largest HIV-1 reservoir and represent the subset with the greatest clinical importance because of their long lifespan 5 . The quest for longterm control of HIV-1 in the absence of ART has led to numerous therapeutic approaches aimed at increasing host-mediated control of HIV-1 or clearance of latent virus reservoirs [7] [8] [9] while maintaining the beneficial effects of immune reconstitution.
Cells latently infected with HIV-1 are not thought to produce viral proteins and have long been considered indistinguishable from uninfected cells for all practical purposes 10 . Molecular signatures that allow for the identification of resting, latently infected cells would facilitate the study of HIV latency and accelerate the generation of new insights and therapeutic approaches 11 . Recently, Descours et al. 12 showed the overexpression of 103 differentially expressed genes, including 16 that encode transmembrane proteins, in apparently HIV+ resting cells in culture. The most highly expressed gene was FCGR2A, which encodes the Fc-gamma receptor FcγR-IIa (CD32a). The authors showed that CD32a+ cells from HIV-1+ participants were enriched in HIV DNA and inducible replication competent virus and concluded that CD32a is a cell surface marker of the CD4+ T cell HIV reservoir in HIV-infected virally suppressed participants.
FcγR represents a link between the humoral and cellular immune responses by triggering several functions, such as endocytosis and antibody-dependent cell-mediated cytotoxicity (ADCC) 13 . CD32a is a low-affinity Fc receptor with specificity for IgG antibodies and is commonly expressed on most myeloid cells, including monocytes, macrophages, and eosinophils 14, 15 and is also expressed in natural killer (NK) cells and B-lymphocytes 16, 17 . CD32 is highly regulated by agents such as phorbol 12-myristate 13-acetate (PMA) and cytokines, including interferon gamma (IFN-γ), dexamethasone and granulocyte-macrophage colony stimulatory factor (GM-CSF) 14 . The regulation of innate immune response recruitment is an important function of IgG-binding receptors such as CD32 18 . In particular, CD32 triggers phagocytosis and ADCC, which explains the constitutive expression in macrophages and NK cells 14, 15 . Notably, CD32 was shown to be significantly downregulated on the surface of multiple innate immune cell subsets in both treated and untreated HIV-1 infections. This downregulation could result in irreversibly reduced ADCC activity in progressive infection, even in the absence of active viral replication 18, 19 .
The finding that CD32 expression is a marker of a CD4+ T cell HIV-1 reservoir would likely significantly impact the development of cure-focused HIV diagnostics and treatments 20 . This possibility deserves careful consideration. CD32 is possibly the most thoroughly studied FcγR 14 ; therefore, it represents an excellent diagnostic tool.
Here we show that CD32 is not a marker of the HIV-1 reservoir. We explored CD32 expression following ex vivo HIV-1 infection in activated and resting cells or in peripheral blood mononuclear cells (PBMCs) from HIV+ individuals. CD32 expression is a marker of activation in a subset of CD4+ T cells both in uninfected controls and HIV+ individuals. We found that CD32+ cells are not enriched with integrated provirus DNA in the majority of HIV+ individuals receiving ART.
Results
CD32 is a marker of T-cell activation. We evaluated CD32 expression in purified primary CD4+ T cells from HIV− control donors under different activating conditions, including PHA/IL-2, an anti-CD3/CD28 antibody and IL-2, IL-7 and IL-2, or IL-2 alone. CD4+ T cells were defined as CD3+/CD4+ cells or CD4+/CD8− cells depending on the activation stimulus used. The presence of conjugates between T cells and cells known to express high levels of CD32, such as CD19+ B cells or CD14+ monocytes 21 , was excluded by gating on forward scatter (FSC) singlets and measuring the expression of CD19+ or CD14+ in the CD32+ cells and/or the CD4+ T-cell population (Supplementary Fig. 1a, b ). Stimulation with IL-2, PHA/IL-2, anti-CD3/ CD28/IL-2 and IL-7/IL-2-induced CD32+ expression as measured by flow cytometry (Fig. 1a , b, Supplementary Fig. 1b ) and confirmed through the quantification of FCGR2A (CD32a) mRNA using qPCR in a subset of donor cells stimulated with IL-2 or PHA and IL-2 ( Supplementary Fig. 2 ). CD32 expression was associated with cell proliferation as measured by intracellular Ki67 expression or T cell activation (Fig. 1a, c ). Up to 80-90% of total CD32+ cells were HLA-DR+ when stimulated with PHA/ IL-2, anti-CD3/CD28/IL-2, and IL-7/IL-2, and up to 75-80% were CD69+ when stimulated with PHA/IL-2 or IL-7/IL-2 ( Fig. 1d ). HLA-DR+ and CD69+ cells had upregulated CD32 expression compared with HLA-DR-or CD69-negative cells ( Fig. 1e ). As expected, CD32 was expressed in the majority of CD14+ monocytes (>90%) and CD19+ B cells (>90%) from uninfected donors ( Supplementary Fig. 3 ). CD4+ T cells from HIV+ individuals commonly express higher levels of T-cell activation markers, even after effective ART [22] [23] [24] [25] . Because one of our main objectives was to evaluate CD32 expression and its relationship to HIV latency, we evaluated CD32 expression (according to the gating strategy described in Supplementary Fig. 4 ) in samples from HIV+ individuals under effective ART (viral load <50 HIV RNA copies/ ml, Table 1 ). Additionally, isotype control labeling was set to a stringent criterion (≤0.1% positive cells) to avoid overestimating CD32 expression ( Supplementary Fig. 5 ). The 0.1% marker sets the boundary of three standard deviations of a standard Gaussian distribution or a common standard in flow cytometry 26 . CD32 expression was significantly (Student's t-test, p < 0.001) higher in unstimulated CD4+ T cells from HIV+ individuals than uninfected, unstimulated donors ( Fig. 2a ), and it was highly associated with the activation marker HLA-DR but not with CD69 ( Fig. 2b, c ). This finding indicates a possible lack of functionality in T cells from HIV+ individuals 27, 28 . A mean of 79.2% (70-94) of CD32+ cells were HLA-DR+ ( Fig. 2d ), indicating a strong correlation between CD32 expression and Tcell activation. 200 0 10 9 10 7 10 5 10 3 10 1 10 9 10 7 10 5 10 3 10 1 10 9 10 7 10 5 10 3 10 1 10 9 10 7 10 5 10 3 10 1 10 9 10 7 10 5 10 Supplementary Fig. 1 . All panels represent the mean ± SD of at least five different donors. Student's t-test, *p < 0.05, **p < 0.005, ***p < 0.0005 NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-05157-w ARTICLE CD4+ T cells (Fig. 3a) . The effect was dependent on the multiplicity of infection used ( Fig. 3b ) and was inhibited by efavirenz ( Fig. 3c ), indicating that the effect was dependent on productive HIV-1 replication. However, only a small fraction of HIV-1+ cells were CD32+ (Fig. 3d ), and the ratio of HIV+ infected to uninfected cells did not significantly change depending on CD32 expression (18% vs. 16%; Fig. 3a , right panel). This finding indicated that CD32+ cells were not preferentially infected compared with HLA-DR+ cells. These results are in line with the observation that most CD32+ cells are activated (HLA-DR+ and/or CD69+), but not all activated cells are CD32+ ( Fig. 1 ).
An alternative strategy to evaluate HIV-1 infection and latency in CD4+ resting cells is to allow purified resting cells to be permissive for HIV-1 infection after degrading SAMHD1 12 , a restriction factor 29,30 that is active in resting cells 31, 32 . Here we recapitulated this strategy with an HIV-1 NL4-3 virus modified to incorporate Vpx into HIV-1 virions (HIV-1* Vpx GFP) 31, 33, 34 and effectively infect resting (IL-2 only) purified CD4+ T cells ( Fig. 4a ). Infection with HIV-1* Vpx GFP-induced CD32 expression. The induction was dependent on the viral input ( Fig. 4b ) and blocked by efavirenz ( Fig. 4c) . After a 48-h incubation, cells were sorted using CD32 expression. The contribution of proviral DNA in CD32+ cells was evaluated by measuring integrated provirus DNA. We found more integrated DNA copies in the CD32− compartment in 4 out of 5 uninfected donor cells tested (Fig. 4d ). The preferential infection of CD32+ cells in one donor (D2) was associated with significantly higher
CD4 T-cell activation as measured by HLA-DR and CD69 expression ( Fig. 4e ), further indicating that CD32 expression is a marker of T-cell activation.
CD32 expression does not correlate with integrated HIV-1 DNA. To confirm the role of CD32 in HIV-1 infection, purified CD4+ T cells from 10 HIV+ individuals under ART were sorted using CD32 expression, and integrated provirus DNA was measured using qPCR. In 6 HIV+ individuals, integrated proviral DNA/cell was more prevalent in CD32− than CD32+ cells ( Fig. 5a ). However, there were no significant differences in the mean HIV-1 integrated provirus DNA/cell between the sorted populations ( Fig. 5b) . The mean contribution of HIV integrated provirus DNA was significantly higher in CD32− than in CD32+ cells (p = 0.017, Fig. 5c ), indicating that the vast majority of infected CD4+ T cells appear to be CD32-negative.
CD32 does not mark a replication-competent HIV-1 reservoir.
To understand the significance and contribution of CD32+ cells in the maintenance of the HIV-1 reservoir, equal numbers of sorted CD32+ or CD32− CD4+ T cells from a subset of HIV-1+ participants were used to perform a quantitative viral outgrowth assay based on a ultrasensitive co-culture with stimulated donor cells for 21 days 35 . Co-culture supernatants were titrated in CD4+ TZM-bl cells to evaluate the replication competence of the amplified virus, which was measured as luciferase production. In this model, released virus from CD32+ or CD32− CD4+ T cells should be competent enough to enter target cells and at least mediate Tat-dependent luciferase expression. There were no significant differences (Student's t-test, p = 0.95) in the mean maximum likelihood estimate of infection frequency (in infectious units per million, IUPM) between CD32− and CD32+ cell cultures ( Table 2 ). Excluding participants P15 and P22, in which virus outgrowth could not be determined for CD32+ cells, the estimated IUPM did not fall within the same order of magnitude for CD32− and CD32+ cells in only two comparisons: P5 and P23. This finding suggests that the virus that emerges after the stimulation and co-culture of most of the HIV+ participant cells was similarly infectious regardless of CD32 expression.
Discussion
HIV is characterized by chronic immune activation that drives viral replication and persistence 36, 37 . The best characterized and the most likely mechanism for HIV persistence is the generation and maintenance of a "silent" reservoir of proviruses in resting memory CD4+ T cells of HIV+ individuals. Latently HIV-1infected CD4+ T lymphocytes are a priori indistinguishable from uninfected lymphocytes 36 , and they persist even during effective ART. Importantly, following activation, these cells can reactivate and start producing infectious virions, thus representing one of the main barriers to HIV-1 eradication.
Here we evaluated the role of CD32 expression in HIV-1 infection. CD32 is a cell surface protein recently proposed to be a marker of the CD4 T cell HIV reservoir 12 . We found that CD32 expression is strongly associated with CD4+ T cells that coexpress the activation markers HLA-DR and/or CD69. Exogenous activation of purified CD4+ T cells with PHA, anti-CD3/ CD28 mAbs or IL-7-induced CD32 cell surface expression correlating with cell proliferation (Ki67). We excluded the possibility of contaminating CD32+ monocytes (CD14+) or B cells (CD19+) and concluded that CD32 expression is a marker of activation in a subset of CD3+ CD4+ T cells, as recently suggested 38 . Evaluation of cells from HIV+ individuals showed similar results, with~90% of CD32+ CD4+ T cells co-expressing the activation marker HLA-DR. Taking into account the fact that the HIV-1 reservoir is thought to be composed of resting CD4+ T cells, the elevated expression of activation markers and the correlation with cell proliferation on CD32+ cells observed here is somewhat counterintuitive. Activation of CD4+ T cells is associated with HIV-1 pathogenesis and the establishment of an HIV-1 reservoir. Indeed, the HIV-1 reservoir is thought to form from cells that are infected while activated before returning to a resting state. There is a consistent association between the frequency of CD4+ and CD8+ T cells expressing HLA-DR and the frequency of resting CD4+ T cells containing HIV DNA. HLA-DR is also associated with productive HIV infection 39 . CD32 expression, like HLA-DR upregulation during T-cell activation, may identify a subset of activated CD4+ T cells that are susceptible to HIV infection. When challenged ex vivo with HIV-1, we found that CD32 expression was induced by infection itself similar to cell activation markers. This finding further indicates that CD32 expression is simply a consequence of T-cell activation induced either by exogenous stimuli or HIV-1 infection. However, we found no significant differences between the ratio of infected (GFP+) cells in CD32+ compared with CD32− cells, indicating that CD32 is not a preferential marker for infection, even though the majority of CD32+ cells also co-express the activation marker HLA-DR. Similar results were found in resting cells. That is, increased CD32 expression after infection of CD4+ resting T cells with a modified HIV-1 circumvents SAMHD1-induced restriction 12, 31, 40 allowing productive infection. Indeed, proviral DNA in in vitro infected resting cells was preferentially found in the CD32− cells, except for one donor (n = 5) in which T-cell activation (HLA-DR and CD69 expression) was significantly higher. This finding further demonstrated the link between cell activation and CD32 expression.
Taken together, the correlation between cell activation and CD32 expression may suggest that CD32+ CD4 T cells have a history of activation consistent with the current understanding of how the reservoir develops and is maintained. Specifically, HIV-1-infected resting memory CD4+ T lymphocytes mirror a postactivation state, in which infection and subsequent return to a lower activation level occurred 41 . Alternatively, CD32+ cells may reflect antigen-independent homeostatic proliferation. For example, anti-CD3 mAbs were observed to induce T-cell proliferation mediated by CD32 42 . We show that IL-7-induced proliferation caused a moderate increase in CD32 expression. The hypothesis that CD32 cell surface expression would allow for the selective recognition of an HIV-1 reservoir contradicts the paradigm of the "undistinguishable phenotype of latently infected cells"; however, the data could be interpreted as indicating that latently infected cells would no longer be resting as HIV-1 infection leads to expression of an immune modulator (CD32) and likely 103 other genes, as suggested by Descours et al. 12 .
Our data also challenge the robustness of CD32 as a marker of an HIV-1 reservoir. We found that in 6 out of 10 HIV+ individuals, the absolute contribution to the CD4+ T cell HIV-1 reservoir was higher in CD32− CD4+ T cells. These results are in line with the raw data of Descours et al. 12 (provided as a Supplementary Excel file to Fig. 3c in their publication) in which the absolute contribution of HIV-proviral DNA copies by CD32+ cells was higher in only 5 of 9 HIV+ individuals, and in one, the contribution was comparable between CD32− and CD32+ cells. Taken together, these data indicate that CD32+ cells are not a preferential HIV reservoir in all HIV+ individuals. Supplementary Fig. 4 . CD32 expression for each HIV+ individual is shown in Supplementary Fig. 5 Grau-Exposito et al. 43 recently showed that HIV mRNA+ cells express CD32, and the authors suggested that CD32 expression is restricted to cells productively infected by HIV-1. Establishment of HIV-1 latency may be the consequence of infection in CD4+ T cells within a narrow window of time after activation 41 . Thus, CD32 expression may signal a transition state to or from a fully susceptible phenotype. Intriguingly, the integrated virus in CD32+ cells appears to account for most, if not all, of the replication-competent HIV-1 12 . Previous studies identified latent replication-competent HIV-1 in different CD4+ T-cell subsets [44] [45] [46] . The proportion of intact proviruses was different, but shared an identical sequence across cell subsets 44 . These observations suggest maintenance of the viral reservoir by cellular proliferation, which is also associated with CD32 expression. Our results indicate that there are no significant differences between replication competence of viruses emerging from CD32− and CD32+ CD4 T cells, in line with the recent findings indicating that CD32 did not enrich for HIV latently infected cells 47 and in contrasts with the results from Descours et al. The TZM-bl assay used in our study records virus that must enter target cells and induce Tat-dependent transcription to register a positive signal but may still be defective in numerous ways. Thus, the assay may be overestimating replication-competent HIV-1, explaining the higher IUPM values observed in our study than that recorded by other groups in quiescent, persistently infected CD4+ T cells. However, we compared the viral outgrowth of cultures with an equal cell number for CD32− and CD32+ cells, allowing for head-to-head comparisons between both cell types. Conversely, Descours et al. compared dilutions of 1 million to 1600 total CD4+ T cells and dilutions from 800 to 1 CD32+ cells. Differences in our cell culture conditions may also affect the experimental outcome.
Nevertheless, taken together, our results do not support the existence of a distinct population of latent provirus in CD32+ and CD32− cells; both cell types harbored similar amounts of integrated provirus with similar replication competence. A better Establishing a competent-latent reservoir requires intact retroviral integration into the genome and subsequent transcriptional silencing. Taking into account that CD32 expression is activation-dependent but may not represent a marker of latent infection, the CD32 contribution to the establishment of competent-latent reservoir could be explained if CD32 expression is triggered by a relatively late event in virus replication in cells that would become silent and leave the CD32 signature. Thus, the CD32 marker would only be expressed in cells with competent HIV-1. In contrast, integrated but not fully replicated virus would not trigger the CD32 expression signal. However, HIV infection leads to the perturbation of cellular transcription in hundreds of genes induced by HIV-dependent transcriptional activation 48 , and of course, CD32 expression could also be the result of this phenomenon.
In summary, our data suggest that CD32 expression represents a marker of activation in a subset of CD4+ T cells, rather than a marker of the HIV-1 reservoir. However, considering the observed association between immune activation and viral persistence suggests that these two phenomena may be reciprocally connected; a putative role of CD32 in such a scenario cannot be ruled out. Thus, the role of CD32 in establishing an HIV-1 latent reservoir still requires exploration and discussion because of its implications in designing therapeutic strategies for HIV. 
Methods
Cells. PBMCs were isolated from the buffy coats of uninfected blood donors. The buffy coats were purchased from the Catalan Banc de Sang i Teixits (http://www. bancsang.net/en/index.html; Barcelona, Spain). The buffy coats were anonymous and untraceable, and the only information provided was whether they had been tested for disease. Briefly, PBMCs were obtained using a Ficoll-Paque density gradient centrifugation and used for fresh purification of CD4+ T lymphocytes by Integrated HIV-1 provirus DNA quantification. DNA was extracted using the DNA Quick extraction kit from Epicentre following the manufacturer's instructions. For integrated provirus DNA quantification, an LTR pre-amplification was performed to assure amplification of integrated HIV-1 only (forward 5′-GCCTCCCAAAGTGCTGGGATTACAG-3′ or 5′-TGGCAGAACTACACA CCAGG-3′; reverse 5′-TTGCCCATACTATATGTTTTAA-3′) followed by quantitative PCR amplification of an internal LTR fragment using the following primers and probe: forward 5′-GACGCAGGACTCGGCTTG-3′, reverse 5′-ACTGACGCT CTCGCACCC-3′, and probe FAM 5′-TTTGGCGTACTCACCAGTCGCCG-3′ TAMRA. Absolute quantification was obtained by extrapolating from Ct data with a standard curve performed in parallel with a series of samples of known HIV-1 copy number, based on the ACH2 cell line.
Flow cytometry. Cells were labeled with the following antibodies: anti-human CD3 PerCP (4 μl, BD catalog number 340663); anti-human CD8 BV510 (3 μl, BD catalog number 740175); anti-human CD69-BV421 (3 μl, BD catalog number 562884); anti-HLA DR PeCy7 (3 μl, BD catalog number 335795); anti-CD14-FITC (3 μl, catalog number 347493) or anti-CD14-PE (3 μl, BD catalog number 562334); and anti-CD19-FITC (3 μl, BD catalog number 347543); and anti-human CD32-APC (4 μl) (Sony Biotech, catalog number 2116040) for the characterization of donor PBMCs and HIV+ individuals. Cells were incubated for 40 min at room temperature in the dark. Cells were washed with phosphate-buffered saline (PBS) and fixed with 1% formaldehyde (FA) prior to cytometer acquisition. For the determination of CD32 expression levels, an APC mouse IgG2b (4 μl) (Sony Biotech, catalog number 2601600) was included as isotype control, using a threshold value ≤0.1 in all cases. Flow cytometry was performed in a FACS LSRII flow cytometer (BD Biosciences). The data were analyzed using the FlowJo software (Tree Star Inc., Ashland, OR). For cell-sorting experiments, CD4+ T cells were labeled as described above for 40 min at 37°C and kept in PBS supplemented with 1% FBS. The different CD4+ T cell subpopulations were identified by FACS, and the CD3+ CD8− CD14− population was sorted into the CD32+ or CD32− fractions using FACSAria II (BD Biosciences). For intracellular Ki-67 staining, cells were fixed for 3 min with fixation buffer (FIX & PERM; Life Technologies Life technologies, catalog number GAS004) before adding precooled 50% methanol for 10 min at 4°C. Cells were washed in PBS with 5% FBS and incubated for 30 min with the Ki-67 FITC Ab (1:10; clone B56; BD Biosciences, catalog number 556026) diluted in permeabilization buffer.
Quantitative viral outgrowth assay. An ultrasensitive co-culture assay was applied to sorted CD32+ or CD32− CD4+ T cells isolated from a subset of HIV+ individuals on ART 35 . Briefly, purified cells (500-20,000 CD4+ cells) were stimulated with a pool of allogeneic irradiated PBMCs at a ratio of 1:5 with allogeneic PBMCs in 96-well plates in the presence of PHA (1 μg/ml) and IL-2 (100 U/ml) for 72 h and co-cultured for 7 days with a pool of stimulated CD8-depleted PBMCs from 3 HIV-seronegative donors. To maximize viral outgrowth during the following 2 weeks, the co-cultures were fed once a week with fresh medium and once a week with a pool of stimulated CD4+ cells from three HIV-seronegative donors. After 21 days in culture, the supernatants were assayed in CD4+ TZM-bl cells (NIH AIDS Reagent Program, catalog number 8129) 35 , and the number of infectious units per million cells (IUPM) were calculated according to Rosenbloom et al. 50 with the use of the IUPM Stats v1.0 Infection Frequency Calculator (http:// silicianolab.johnshopkins.edu). The use of reporter CD4+ TZM-bl cells has been shown to have a 1000-fold increase in sensitivity and helped demonstrate that the size of the inducible latent HIV-1 reservoir in aviremic participants on therapy may be~70-fold larger than previous estimates 51 .
Statistical analyses. All experimental data are presented as the mean ± standard deviation (SD) calculated using Student's t-test with the GraphPad PRISM software (GraphPad Software, San Diego, CA, USA). 
